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The dyes r h o d a m i n e B, rhod a m i n e 6G and PYC a r e e x c i t e d by t w o - p h o t o n a b s o r p t i o n o f l i g h t 
p u l s e s o f a p a s s i v e l y m o d e - l o c k e d N d - g l a s s l a s e r . U l t r a s h o r t l i g h t p u l s e s i n t h e s p e c t r a l 
r a n g e between 565 and 630 nm a r e g e n e r a t e d by t w o - p h o t o n i n d u c e d a m p l i f i e d s p o n t a n e o u s e m i s -
s i o n (TPI-ASE) and t w o - p h o t o n i n d u c e d s e e d i n g p u l s e a m p l i f i c a t i o n (TPI-SPA) o f p i c o s e c o n d 
l i g h t c o n t i n u a . The g e n e r a t e d s i g n a l s a r e a m p l i f i e d i n a t w o - p h o t o n pumped dye l a s e r a m p l i -
f i e r (TPI-AMP). 
1. I n t r o d u c t i o n 
The s i n g l e - p h o t o n pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n (SPI-ASE) i n o r g a n i c d y e s a l l o w s 
t h e g e n e r a t i o n o f f r e q u e n c y t u n a b l e u l t r a s h o r t l i g h t p u l s e s a t t h e S t o k e s - s i d e o f f i x e d - f r e -
quency pump l a s e r s . L o n g i t u d i n a l 1 ' 2 , t r a n s v e r s a l 3 , and t r a v e l l i n g - w a v e t r a n s v e r s e 4 " 6 pumping 
t e c h n i q u e s a r e a p p l i e d . The s e l e c t i v e s p e c t r a l a m p l i f i c a t i o n o f u l t r a s h o r t l i g h t c o n t i n u a i n 
s i n g l e - p h o t o n pumped o r g a n i c dye s o l u t i o n s ( s i n g l e - p h o t o n i n d u c e d s e e d i n g p u l s e a m p l i f i c a -
t i o n SPI-SPA) i s a p p l i e d i n f r e q u e n c y t u n a b l e p i c o s e c o n d 1 ' 2 and f e m t o s e c o n d p u l s e g e n e r a -
t i o n 7 ' 8 . 
The t w o - p h o t o n pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n ( T P I - A S E ) 9 " 1 1 and t h e t w o - p h o t o n 
pumped s e e d i n g p u l s e a m p l i f i c a t i o n ( T P I - S P A ) 1 1 o f u l t r a s h o r t l i g h t c o n t i n u a i n o r g a n i c dye 
s o l u t i o n s a l l o w t h e g e n e r a t i o n o f f r e q u e n c y t u n a b l e u l t r a s h o r t l i g h t p u l s e s i n t h e wave-
l e n g t h r e g i o n between t h e f u n d a m e n t a l and s e c o n d h a r m o n i c f r e q u e n c y . The g e n e r a t e d s i g n a l s 
may be a m p l i f i e d i n t w o - p h o t o n pumped dye l a s e r a m p l i f i e r s ( T P I - A M P ) 1 1 . 
I n t h i s p a p e r f i r s t t h e t w o - p h o t o n pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n and s e e d i n g 
p u l s e a m p l i f i c a t i o n a r e compared w i t h s i n g l e p h o t o n pumping. I n t h e e x p e r i m e n t s a p a s s i v e l y 
m o d e - l o c k e d N d - g l a s s l a s e r 1 s e r v e s as pump s o u r c e f o r t h e p u l s e g e n e r a t i o n by TP I - A S E , 
TPI-SPA, and TPI-AMP. The dyes r h o d a m i n e B i n h e x a f l u o r o i s o p r o p a n o l and m e t h a n o l , r h o d a m i n e 
6G i n HFIP, and PYC ( 1 , 3 ,1 1 , 3 - t e t r a m e t h y l - 2 , 2 ' - d i o x o p y r i m i d o - 6 , 6 1 - c a r b o c y a n i n e h y d r o g e n 
s u l f a t e ) 1 3 i n HFIP have been i n v e s t i g a t e d . F r e q u e n c y t u n a b l e l i g h t p u l s e s i n t h e w a v e l e n g t h 
r e g i o n between 565 nm and 630 nm have been g e n e r a t e d . E n e r g y c o n v e r s i o n e f f i c i e n c i e s up t o 
3.5 p e r c e n t have been o b t a i n e d i n a t w o - p h o t o n pumped g e n e r a t o r - a m p l i f i e r s y s t e m . The d i v e r -
gence o f t h e g e n e r a t e d l i g h t i s as s m a l l as AG = 7><10~4 r a d . 
2. F u n d a m e n t a l s 
The d y n a m i c s o f s i n g l e - p h o t o n i n d u c e d and t w o - p h o t o n i n d u c e d ASE, SPA, and AMP a r e i l l u -
s t r a t e d i n t h e dye c o n f i g u r a t i o n c o o r d i n a t e d i a g r a m s o f F i g . l a and l b , r e s p e c t i v e l y . The 
s c h e m a t i c e x p e r i m e n t a l a r r a n g e m e n t s o f a m p l i f i e d s p o n t a n e o u s e m i s s i o n (dye l a s e r g e n e r a t o r ) , 
s e e d i n g p u l s e a m p l i f i c a t i o n , and s i g n a l a m p l i f i c a t i o n (dye l a s e r a m p l i f i e r ) a r e d e p i c t e d i n 
F i g s . 2 a - 2 c . 
The s i n g l e - p h o t o n pumped ASE, SPA, and AMP a r e d e s c r i b e d r o u g h l y by t h e e q u a t i o n s 1-3. 
A more d e t a i l e d e q u a t i o n s y s t e m i s g i v e n i n R e f . l . 
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N S 1 i s t h e number d e n s i t y o f dye m o l e c u l e s i n t h e S ^ s t a t e . N Q i s t h e t o t a l number d e n s i t y o f 
dye m o l e c u l e s . E q . l d e s c r i b e s t h e S ^ s t a t e p o p u l a t i o n . The a b s o r p t i o n o f t h e pump p u l s e i s 
g i v e n by Eq.2. The f i r s t t e r m i s due t o g r o u n d - s t a t e a b s o r p t i o n and t h e s e c o n d t e r m i s due 
F i g . 1 : S i n g l e - p h o t o n i n d u c e d 
(a) and t w o - p h o t o n i n d u c e d (b) 
d y n a m i c s i n c o n f i g u r a t i o n c o o r -
d i n a t e s y s t e m s o f d y e s . 
(a) (b) 
r ' i g . 2: S c h e m a t i c e x p e r i m e n t a l l a y o u t s f o r 
(a) t w o - p h o t o n pumped a m p l i f i e d s p o n t a n e o u s 
e m i s s i o n (TPI-ASE) i n g e n e r a t o r c e l l G, (b) 
t w o - p h o t o n pumped s e e d i n g p u l s e a m p l i f i c a t i o n 
( T P I - A S E ) , and (c) t w o - p h o t o n pumped g e n e r a t o r -
a m p l i f i e r s y s t e m . C, c e l l f o r g e n e r a t i o n o f 
ps l i g h t c o n t i n u u m . G, dye g e n e r a t o r c e l l . 
A, dye a m p l i f i e r c e l l . HM, 50 % - m i r r o r , M l , 
and M2, 100 % - m i r r o r s . KF, s h o r t - p a s s edge 
f i l t e r . DL, d e l a y b l o c k . 
(c) HM DL M 2 — V—-B -\ 
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t o e x c i t e d s t a t e a b s o r p t i o n . Eq.3 h a n d l e s t h e l i g h t e m i s s i o n . The f i r s t t e r m g i v e s t h e s p o n -
t a n e o u s e m i s s i o n . x r a d i s t h e r a d i a t i v e l i f e t i m e o f t h e S x - s - t a t e and A9 i s t h e s o l i d a n g l e o f 
e f f i c i e n t a m p l i f i e d s p o n t a n e o u s e m i s s i o n [Aß = i r ( A 0 ) 2 / 4 , AO beam d i v e r g e n c e o f g e n e r a t e d 
l i g h t ] . The s e c o n d t e r m o f Eq.3 i s due t o s t i m u l a t e d e m i s s i o n and d e s c r i b e s t h e a m p l i f i c a -
t i o n o f s p o n t a n e o u s e m i s s i o n (no i n p u t s i g n a l ) , t h e s e e d i n g p u l s e a m p l i f i c a t i o n ( i n p u t o f 
l i g h t c o n t i n u u m ) , and t h e s i g n a l a m p l i f i c a t i o n ( i n p u t o f ASE o r S P A - s i g n a l ) . 
S o l u t i o n of Eq.3 gives an a m p l i f i c a t i o n f a c t o r (gain) G = I F , o u t / I F ( i n of 
G . e x p [ < o F - o ! x ) N s l * e f f ] (4) 
The dye c o n c e n t r a t i o n s i n s i n g l e - p h o t o n pumping a r e l o w and t h e pump p u l s e s b l e a c h t h e 
g r o u n d - s t a t e a b s o r p t i o n a t t h e c e l l e n t r a n c e . The pump p u l s e p e n e t r a t i o n l e n g t h £ e f f i s de-
r i v e d f r o m t h e r e l a t i o n ( s o l u t i o n o f Eq.2) T * e x p { - [ o L ( N Q - N S 1 ) + o^N S 1] £ e f f} * 
exp{-oJ^N 0 A e £ f} « e x p ( - l ) t o be 
The a m p l i f i c a t i o n f a c t o r i s l i m i t e d t o ( i n s e r t i o n o f Eq.5 i n t o Eq.4 w i t h N s l+N 0) 
F 
Op—a 
G < e x p ( F L € X ) (6) 
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F o r optimum s i g n a l o u t p u t t h e dye c e l l l e n g t h l s h o u l d be a p p r o x i m a t e l y e q u a l t o £ e f f i n 
o r d e r t o a v o i d r e a b s o r p t i o n o f g e n e r a t e d l i g h t a t f r e q u e n c y v F due t o r e a b s o r p t i o n i n unex-
c i t e d dye r e g i o n s . 
The t w o - p h o t o n pumped ASE, SPA, and AMP a r e d e s c r i b e d r o u g h l y by t h e E q s . 7 - 9 . A d e t a i l e d 
d e s c r i p t i o n i s g i v e n i n Ref.10. 
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The f i r s t t e r m o f Eq.7 g i v e s t h e S ^ s t a t e p o p u l a t i o n by t w o - p h o t o n a b s o r p t i o n . The s e c o n d 
t e r m i s r e s p o n s i b l e f o r t h e S ^ l e v e l d e p o p u l a t i o n by s t i m u l a t e d e m i s s i o n . T h i s t e r m r e d u c e s 
t h e l i g h t a m p l i f i c a t i o n f a c t o r G a t f r e q u e n c y v F s i n c e i t r e d u c e s t h e S ^ l e v e l p o p u l a t i o n . 
The s t i m u l a t e d e m i s s i o n a t f r e q u e n c y v L does add t o t h e pump p u l s e i n t e n s i t y ( s e c o n d t e r m 
o f Eg.8) b u t two pump p u l s e p h o t o n s a r e a b s o r b e d ( f i r s t t e r m o f Eq.7) and o n l y one p h o t o n 
i s r e t u r n e d . The e q u a t i o n o f a m p l i f i e d s p o n t a n e o u s e m i s s i o n and s t i m u l a t e d e m i s s i o n (Eq.9) 
i s i d e n t i c a l t o Eq.3. The a m p l i f i c a t i o n f a c t o r G i s a g a i n g i v e n by Eq.4. H i g h dye c o n c e n -
t r a t i o n s a r e needed i n t w o - p h o t o n pumping t o a b s o r b t h e pump p u l s e e f f e c t i v e l y a t r e a s o -
n a b l e pump p u l s e i n t e n s i t i e s ( a v o i d a n c e o f d i e l e c t r i c breakdown o r o t h e r n o n l i n e a r o p t i c a l 
p r o c e s s e s l i k e s t i m u l a t e d Raman s c a t t e r i n g ) and sample l e n g t h s ( o r d e r o f c o n f o c a l l e n g t h o f 
l e n s e s ) . The pump p u l s e g e n e r a l l y does n o t d e p l e t e r e m a r k a b l y t h e g r o u n d - s t a t e p o p u l a t i o n 
and t h e S x - s t a t e p o p u l a t i o n a t t h e c e l l e n t r a n c e i s a p p r o x i m a t e l y 
N . I . + o l N r 1 I T - o l N ^ L <8) 
N Q 1 - 1 * o ( 2 ) N n I 2 A t T (10) 
S 1 2 ( h v L ) 2 
The e f f e c t o f s t i m u l a t e d e m i s s i o n a t t h e pump p u l s e f r e q u e n c y i s n e g l e c t e d . A t L i s t h e pump 
p u l s e d u r a t i o n . I n most c a s e s t h e e x c i t e d s t a t e a b s o r p t i o n o f t h e pump l a s e r d e t e r m i n e s t h e 
e f f e c t i v e i n t e r a c t i o n l e n g t h £ e f f . The t w o - p h o t o n t r a n s m i s s i o n i s T - e x p ( - c ^ x N S 1 £ e f f) / 
{ l + o ( 2 ) N s l I L [ l - e x p ( - a ^ N s l l e f f ) ]/( o^ xN s l) } < exp(-a^ xN s l£ e f f) and t h e c o n d i t i o n T = e x p ( - l ) 
g i v e s 
L -1 2(hv ) 2 
* e f f < ( * e x N S l > * L (2L J2 . . 
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The maximum p o s s i b l e a m p l i f i c a t i o n f a c t o r i s a g a i n g i v e n by Eq.6. The sample l e n g t h s h o u l d 
be a p p r o x i m a t e l y e q u a l t o JL e f f. 
I n t h e c a s e o f t w o - p h o t o n pumping, a^ x may be s m a l l e r t h a n i n t h e c a s e o f s i n g l e p h o t o n 
pumping ( F i g . l ) s o t h a t h i g h e r a m p l i f i c a t i o n f a c t o r s may be o b t a i n a b l e . F o r t h e same dyes 
s i n g l e p h o t o n pumping w o u l d r e q u i r e pumping w i t h t h e s e c o n d h a r m o n i c l i g h t o f t h e pump l a s e r 
w h i c h r e d u c e s t h e o v e r - a l l e f f i c i e n c y . 
F o r a m p l i f i e d s p o n t a n e o u s e m i s s i o n t h e g e n e r a t e d p u l s e d u r a t i o n s A t F ( A t F < ln ( 2 ) . T F , T F 
i s l i f e t i m e o f s p o n t a n e o u s e m i s s i o n ) depend s t r o n g l y on t h e a m p l i f i c a t i o n f a c t o r G (and 
b o t t l e - n e c k e f f e c t s 1 ' 1 0 ' 1 1 ) . The s e e d i n g p u l s e a m p l i f i c a t i o n o f pump-pulse g e n e r a t e d l i g h t 
c o n t i n u a g i v e s p u l s e d u r a t i o n s o f a p p r o x i m a t e l y A t p = A t L / 3 . 
3. R e s u l t s 
3.1 Dyes. S p e c t r o s c o p i c p a r a m e t e r s o f t h e i n v e s t i g a t e d d y e s a r e l i s t e d i n T a b l e 1. F u r -
t h e r i n f o r m a t i o n s a r e g i v e n i n R e f . 1 1 . The a b s o r p t i o n c r o s s - s e c t i o n s p e c t r u m and s t i m u l a t e d 
e m i s s i o n c r o s s - s e c t i o n s p e c t r u m 1 6 o f rh o d a m i n e B i n HFIP i s d e p i c t e d i n F i g . 3 . The wave-
l e n g t h p o s i t i o n s o f t w o - p h o t o n e x c i t a t i o n X L/2, e x c i t e d s t a t e a b s o r p t i o n \£ x and X^x t o g e t h e r 
w i t h t h e r e g i o n X p o f a m p l i f i e d s p o n t a n e o u s e m i s s i o n (FWHM) a r e i n c l u d e d . 
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F i g . 3 : A b s o r p t i o n and e m i s s i o n c r o s s - s e c t i o n s p e c t r u m o f r h o d a m i n e B i n h e x a f l u o r o i s o p r o -
p a n o l ( H F I P ) . 
3.2 Two-photon a b s o r p t i o n . The measured e n e r g y t r a n s m i s s i o n s o f p i c o s e c o n d pump p u l s e s 
( A t L - 5 p s , X L = 1 .055 jim) t h r o u g h 10"2 m o l a r r h o d a m i n e B i n HFIP a r e shown by t h e open 
c i r c l e s o f ^ F i g . 4 . The s o l i d c u r v e i s c a l c u l a t e d by f i t t i n g t h e t w o - p h o t o n a b s o r p t i o n c r o s s -
s e c t i o n a(2) and t h e e x c i t e d - s t a t e a b s o r p t i o n c r o s s - s e c t i o n 10 (see T a b l e 1 ) . The s o l i d 
c i r c l e s and t h e d a s h e d c u r v e b e l o n g t o t h e s o l v e n t HFIP. Above l . i j x l O 1 1 W/cm2 t h e pump p u l s e 
t r a n s m i s s i o n t h r o u g h t h e s o l v e n t r e d u c e s d r a s t i c a l l y by n o n l i n e a r o p t i c a l e f f e c t s . The s o -
l i d e n e r g y t r a n s m i s s i o n c u r v e i n d i c a t e s optimum i n t e n s i t y c o n d i t i o n s f o r a m p l i f i e d s p o n t a -
neous e m i s s i o n a r o u n d I Q L * 1 . 5 * 1 0 n W/cm2. The t w o - p h o t o n a b s o r p t i o n p a r a m e t e r s a and a e x 
o f t h e i n v e s t i g a t e d d y e s a r e l i s t e d i n T a b l e 1. 
3.3 Two-photon i n d u c e d s e e d i n g p u l s e a m p l i f i c a t i o n ( T P I - A S E ) . The d i s p l a y e d r e s u l t s b e -
l o n g t o 0.01 m o l a r r h o d a m i n e B i n HFIP. I n T a b l e 1 r e s u l t s a r e summarized f o r t h e o t h e r dye 
s o l u t i o n s . 
F i g . 5 a d i s p l a y s t h e A S E - e n e r g y c o n v e r s i o n e f f i c i e n c y n E v e r s u s pump p u l s e i n p u t i n t e n s i t 
"0L The sample l e n g t h i s I = 2 cm. The c i r c l e s a r e measured and t h e c u r v e i s c a l c u l a t e d io The e n e r g y c o n v e r s i o n e f f i c i e n c y r i s e s s t e e p l y and s a t u r a t e s above I0L * 10 1 A W/cm2 ( s e e 
E q . 6 ) . The e n e r g y c o n v e r s i o n e f f i c i e n c y v e r s u s sample l e n g t h i s d e p i c t e d i n F i g . 5 b f o r IqL = 
1 . 5 x l O n W/cm2. G a i n s a t u r a t i o n i s o b s e r v e d f o r sample l e n g t h s £ > 1 cm. 
The w a v e l e n g t h o f maximum ASE e m i s s i o n , X F , ( d a s h - d o t t e d c u r v e ) and t h e s p e c t r a l h a l f -
w i d t h o f t h e ASE e m i s s i o n ( w i d t h o f h a t c h e d r e g i o n ) a r e shown v e r s u s pump p u l s e peak i n t e n -
F i g . 4 : E n e r g y t r a n s m i s s i o n o f pump 
p u l s e s ( X L = 1.055 [im, At^ = 5 ps) 
t h r o u g h 0.01 m o l a r r h o d a m i n e B i n 
HFIP ( s o l i d c u r v e ) and p u r e s o l v e n t 
HFIP (dashed c u r v e ) . Sample l e n g t h 
I = 2 cm. 
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SAMPLE LENGTH I [cm] 
s i t y i n F i g . 6 a . The sample l e n g t h i s 1-2 cm. X? m a x v e r s u s sample l e n g t h i s d i s p l a y e d i n 
F i g . 6 b f o r I 0 L = 1.5*10 1 1 W/cm2. The w a v e l e n g t h o f maximum e m i s s i o n s h i f t s t o l o n g e r wave-
l e n g t h s w i t h sample l e n g t h b e c a u s e o f f l u o r e s c e n c e l i g h t r e a b s o r p t i o n (see l o n g - w a v e l e n g t h 
a b s o r p t i o n t a i l o f F i g . 3 ) . The s p e c t r a l d i s t r i b u t i o n o f an ASE s i g n a l (I = 2 cm, I 0 L -
1 . 5 x l O n W/cm2) i s r e p r o d u c e d i n F i g . 7 a . The s p e c t r a l d i s t r i b u t i o n i s r a t h e r f l a t ( a v e r a g i n g 
o v e r A S E - d i v e r g e n c e a n g l e ) . 
£ 
c 
x a 6 
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X 
LLi 
—J 
III 
i 
o 
Xn 
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HI 
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620h 
610h 
600 
INPUT PEAK INT. I0L [GW/cm2] 
620 
600h 
580 
i r — t r 
J L J L -L. L 
F i g . 6 : W a v e l e n g t h o f peak TPI-ASE 
e m i s s i o n v e r s u s (a) pump p u l s e peak 
i n t e n s i t y I 0 L (l = 2 cm) and (b) sample 
l e n g t h t ( I 0 L = 1 . 5 x l O n W/cm 2). H a t c h e d 
r e g i o n o f (a) i n d i c a t e s s p e c t r a l 
w i d t h (FWHM). Dye i s 0.01 m o l a r r h o d a -
mine B i n HFIP. 
5 
SAMPLE LENGTH I [cm] 
10 
The dependence o f t h e ASE d i v e r g e n c e A0 on t h e i n p u t pump p u l s e peak i n t e n s i t y f o r I = 
2 cm and on t h e sample l e n g t h f o r I Q L = 1.5x1g 1 1 W/cm2 a r e d e p i c t e d i n F i g s . 8 a and b, r e s p e c -
t i v e l y . A t low i n t e n s i t i e s t h e d i v e r g e n c e i n c r e a s e s d r a s t i c a l l y b e c a u s e o f r e d u c e d g a i n , 
and a t h i g h i n t e n s i t i e s t h e d i v e r g e n c e i n c r e a s e s b e c a u s e o f s h o r t e r e f f e c t i v e i n t e r a c t i o n 
l e n g t h I e f f ( E q . l l , A0 - d A e f f , d beam d i a m e t e r o f pump p u l s e , see F i g . 2 a ) . 
C a l c u l a t e d r e s u l t s o f t h e A S E - p u l s e d u r a t i o n v e r s u s pump p u l s e peak i n t e n s i t y (£, = 2 cm) 
a r e p r e s e n t e d i n F i g . 9 1 1 . The ASE p u l s e d u r a t i o n s h o r t e n s s t r o n g l y w i t h i n c r e a s i n g pump p u l s e 
i n t e n s i t y . Above I 0 L = 8 x l 0 1 0 w / c m 2 t h e ASE p u l s e d u r a t i o n A t p becomes s h o r t e r t h a n t h e pump 
p u l s e d u r a t i o n A t L ( d a s h e d - d o t t e d l i n e ) . The i n s e t o f F i g . 9 shows t h e t e m p o r a l shape o f t h e 
pump p u l s e (dashed c u r v e ) and o f t h e ASE p u l s e a t Io L = 1 . 5 x l 0 u W/cm2 ( s o l i d c u r v e ) . 
3.4 Two-photon i n d u c e d s e e d i n g p u l s e a m p l i f i c a t i o n ( T P I - S P A ) . F o r t h e s e e d i n g p u l s e 
a m p l i f i c a t i o n e x p e r i m e n t s , t h e p i c o s e c o n d l i g h t c o n t i n u u m i s g e n e r a t e d i n a 2 cm l o n g D 20 
c e l l 1 5 ( F i g . 2 b ) . A t I « 1 . 5 x l O l f W/cm2 t h e e n e r g y c o n v e r s i o n e f f i c i e n c y o f t h e l i g h t c o n t i -
nuum w i t h i n a s p e c t r a l w i d t h o f AX = 10 nm a r o u n d 600 nm i s a p p r o x i m a t e l y 5x10". The s e e -
d i n g p u l s e a m p l i f i c a t i o n r e d u c e s d r a s t i c a l l y t h e d i v e r g e n c e o f t h e s p e c t r a l l y s e l e c t i v e 
a m p l i f i e d l i g h t c o n t i n u u m (A9 = d/l , l C Q d i s t a n c e between D 20 c e l l and dye c e l l , s e e F i g . 2 b ) . 
A s p e c t r a l d i s t r i b u t i o n o f t h e SPA s i g n a l g e n e r a t e d by 0.01 m o l a r r h o d a m i n e B i n HFIP (i « 
2 cm, I 0 L * 1 . 5 x l O u W/cm2) i s d i s p l a y e d i n F i g . 7 b . The s p e c t r u m i s s t r o n g l y s t r u c t u r e d b e -
c a u s e t h e d i v e r g e n c e a n g l e A0 becomes c o m p a r a b l e t o t h e c o h e r e n c e a n g l e o f t h e g e n e r a t e d 
l i g h t 1 ' 1 7 . The e n e r g y c o n v e r s i o n e f f i c i e n c y o f t h e SPA l i g h t i s a p p r o x i m a t e l y t h e same as i n 
t h e c a s e o f t h e ASE l i g h t , b u t t h e d i v e r g e n c e i s d r a s t i c a l l y r e d u c e d . R e s u l t s o f t h e e n e r g y 
c o n v e r s i o n e f f i c i e n c y and o f t h e beam d i v e r g e n c e a r e l i s t e d i n T a b l e 1. The w a v e l e n g t h s o f 
maximum s p e c t r a l e m i s s i o n X p m a x and t h e s p e c t r a l w i d t h s (FWHM) o f e m i s s i o n a r e a p p r o x i m a t e l y 
F i g . 7 : S p e c t r a l d i s t r i b u t i o n s 
o f 0.01 m o l a r r h o d a m i n e B i n 
HFIP. C e l l l e n g t h s £ = 2 cm. 
Pump p u l s e peak i n t e n s i t i e s 
I 0 L * 1 . 5 * 1 0 n W/cm2. (a) T P I -
ASE. (b) TPI-SPA. (c) a m p l i -
f i e d ASE s i g n a l , (d) a m p l i -
f i e d S P A - s i g n a l . 
600 620 640 660 620 640 660 
WAVELENGTH x tnml 
t h e same as i n t h e c a s e o f a m p l i f i e d s p o n t a n e o u s e m i s s i o n . 
3.5 Two-photon i n d u c e d s i g n a l a m p l i f i c a t i o n (TPI-AMP). The TPI-ASE and t h e TPI-SPA s i g -
n a l s may be f u r t h e r i n c r e a s e d i n e n e r g y , and t h e d i v e r g e n c e may be f u r t h e r r e d u c e d i n two-
p h o t o n pumped dye l a s e r a m p l i f i e r s . B e h i n d t h e dye g e n e r a t o r c e l l s p e c t r a l n a r r o w i n g and 
s p e c t r a l t u n i n g i s p o s s i b l e t o g e n e r a t e n a r r o w - b a n d s p e c t r a l l y t u n a b l e l i g h t p u l s e s . 
W i t h t h e e x p e r i m e n t a l a r r a n g e m e n t o f F i g . 2 c , TPI-ASE and TPI-SPA s i g n a l s have been a m p l i -
f i e d . I n t h e g e n e r a t o r c e l l and i n t h e a m p l i f i e r c e l l 0.01 m o l a r r h o d a m i n e B i n HFIP was 
a p p l i e d i n 2 cm l o n g c e l l s . The o v e r - a l l e n e r g y c o n v e r s i o n e f f i c i e n c y ( s i g n a l b e h i n d a m p l i -
f i e r t o t o t a l i n p u t s i g n a l b e f o r e beam s p l i t t e r , F i g . 2 c ) was a few p e r c e n t ( f o r TPI-ASE: 
n E= 0.02-, f o r TPI-SPA: .tv = 0 . 0 3 5 ) . The beam d i v e r g e n c e o f t h e g e n e r a t e d l i g h t b e h i n d t h e 
a m p l i f i e r was AG ~ 7x10 r a d . S p e c t r a l d i s t r i b u t i o n s a r e shown i n F i g . 7 c and d. 
4. C o n c l u s i o n s 
The t w o - p h o t o n pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n , s e e d i n g p u l s e a m p l i f i c a t i o n , and 
s i g n a l a m p l i f i c a t i o n a l l o w s t o g e n e r a t e f r e q u e n c y t u n a b l e u l t r a s h o r t l i g h t p u l s e s a t t h e 
a n t i - S t o k e s s i d e o f u l t r a s h o r t f i x e d - f r e q u e n c y pump l a s e r s . The o v e r - a l l e f f i c i e n c y o f two-
p h o t o n pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n i s v e r y l i k e l y h i g h e r t h a n t h e s i n g l e - p h o t o n 
pumped a m p l i f i e d s p o n t a n e o u s e m i s s i o n w h i c h e m p l o y s t h e s e c o n d h a r m o n i c o f t h e pump p u l s e s . 
V e r y o f t e n t h e e x c i t e d - s t a t e a b s o r p t i o n o f t h e s e c o n d h a r m o n i c l i g h t i s h i g h e r t h a n t h e e x -
c i t e d s t a t e - a b s o r p t i o n o f t h e f u n d a m e n t a l l i g h t , w h i c h f a v o u r s t h e t w o - p h o t o n pumped a m p l i -
f i e d s p o n t a n e o u s e m i s s i o n . 
F o r t h e TPI-ASE and TPI-SPA e x p e r i m e n t s l a s e r d y e s and f a s t s a t u r a b l e a b s o r b e r s may be 
employed. I n TPI-ASE e x p e r i m e n t s t h e g e n e r a t e d p u l s e d u r a t i o n i s s t r o n g l y g a i n d e p e n d e n t 
and f a s t p i c o s e c o n d s a t u r a b l e a b s o r b e r s g i v e s h o r t e r p u l s e d u r a t i o n s t h a n l a s e r d y e s w i t h 
n a n o s e c o n d f l u o r e s c e n c e l i f e t i m e . The s e e d i n g p u l s e a m p l i f i c a t i o n o f pump-pulse g e n e r a t e d 
p a r a m e t r i c l i g h t c o n t i n u a g e n e r a t e s p u l s e d u r a t i o n s o f t y p i c a l l y one t h i r d o f t h e pump 
p u l s e d u r a t i o n . 
Two-photon pumped g e n e r a t o r - a m p l i f i e r s y s t e m s may be a p p l i e d t o o t h e r p i c o s e c o n d and 
f e m t o s e c o n d pump s o u r c e s . They may be v e r y f r u i t f u l f o r t h e g e n e r a t i o n o f f r e q u e n c y t u n a b l e 
u l t r a s h o r t l i g h t p u l s e s i n t h e n e a r u l t r a v i o l e t s p e c t r a l r e g i o n by e m p l o y i n g v i s i b l e pump 
p u l s e s . B e s i d e s d yes o t h e r l a s e r m a t e r i a l s may be employed i n t w o - p h o t o n pumped g e n e r a t o r -
a m p l i f i e r s y s t e m s ( e . g . s e m i c o n d u c t o r s 1 8 ) . 
0.03 
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O 
F i g . 8 ; Beam d i v e r g e n c e A0 o f TPI-ASE 
s i g n a l v e r s u s (a) pump p u l s e peak i n -
t e n s i t y I 0 , {t = 2 cm) and (b) sample 
l e n g t h l ( I Q , = 1 . 5 x l O n W/cma) . Dye: 
0.01 m o l a r r h o d a m i n e B i n HFIP. 
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F i g . 9 ; C a l c u l a t e d d u r a t i o n o f 
TPI-ASE s i g n a l v e r s u s pump p u l s e 
peak i n t e n s i t y I Q L (sample l e n g t h 
l = 2 cm, dye c o n c e n t r a t i o n 0.01 
m o l / d m 3 ) . Dye p a r a m e t e r s o f r h o d a -
mine B i n HFIP ( T a b l e 1) a r e u s e d . 
D a s h e d - d o t t e d l i n e i n d i c a t e s pump 
p u l s e d u r a t i o n A t L . I n s e t g i v e s 
t e m p o r a l p u l s e shape o f pump p u l s e 
( d a s h e d c u r v e ) and o f A S E - s i g n a l a t 
I 0 L = 1 . 5 x l O n W/cma. 
400 
INPUT PEAK INTENSITY I0L [GW/cm2] 
T a b l e I s Dye p a r a m e t e r s and dye p e r f o r m a n c e d a t a . ASE and SPA d a t a b e l o n g t o dye c o n c e n t r a 
t i o n s o f C « l O " 2 mol/dm 3 and pump p u l s e s o f XL = 1.055 urn, At^ = 5 p s , and I Q L = 1 . 5 x l O n W/cm 
P a r a m e t e r Rhodamine B Rhodamine 6G PYC 
Solvent HFIP M e t h a n o l HFIP HFIP 
o < 2 ) [ c m 4 s ] -49 1.5x10 ^ 1 . 5 x l 0 " 4 9 I x l O " 4 9 
-49 
1.8x10 
I x l O - 1 7 1 . 5 x l 0 " " 1 7 5 X 1 0 - 1 8 < 2 x l 0 " 1 8 
XF,max I n m l 
2 
OpCcm ] 
617 
1 . 9 X 1 0 " 1 6 
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1 . 5 X 1 0 " 1 6 
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1 . 5 x l 0 " 1 6 
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F r 2n 
a e x [ c m ] 
-17 
3x10 A / I x l O " 1 7 9 x l 0 " " 1 7 7 . 5 x l 0 " 1 7 
x F [ n s ] 2.4 1.17 4.1 0.011 
TPI-ASE 
1 . 3 x l 0 " 2 7 x i c T 3 -4 5x10 7 x l 0 " 3 
A G [ r a d ] 2 x l 0 ~ 2 2 x l 0 " " 2 2 . 5 x l 0 " 2 2 x l 0 " 2 
•AXpInm] 13 20 8.5 12 
A t F [ p s ] 1.7 4.5 10 0.35 
TPI-SPA 
n E l.x-10"'2 7 x l 0 " 3 l x l O ^ 3 3 x l 0 ^ 3 
AG[rad] 1.8.X10" 3 2 . 5 x l 0 " 3 2 x l 0 " 3 3 x l 0 " 3 
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